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Abstract
Phonon density of states for a-U was calculated with the linear response theory and the
RSPFLAPW (fully relativistic full potential spin-polarized linearized-augmented-plane-wave)
method. It has becn used for studying the temperature dependance of the specific heat of uranium.
It was shown that the details of the phonon DOS are not very important for the specific heat, and

practically the same results can be obtained with Debye model.



I. INTRODUCTION

Uranium, one of the heaviest clements discovered in the nature, has attracted considerable
attention to itself per the last decades, mainly due to its usage as reactor fuel and in nuclear
weapons. The interesting properties of this element include unusual temperature dependance

3 availability of waves of charge density,®* anisotropic expansion at

of elastic constants,'”
heating up and, similarly to other light actinides, unique crystalline structure.® Also, an
interest in the phononic properties of U has grown up last years. Despite the fact, that there
are some problems in measuring the phonon dispersion for actinides, the lattice dynamics

¥ motivated in part

studics on U have been performed at room temperature and below,”
by the discovery of several charge density wave transitions at low temperatures.*® It has
been found an unusually large thermal softening of phonon frequencies. Analysis conducted
in ref.[8] has shown that this phonon softening originates with the softening of a harmonic
solid, as opposed to vibrations in anharmonic potentials. Studying the phonon density of
states (DOS) is also interesting because of the vibrational entropy contribution to the high
temperature phase stability of the metal.

In the present work the phonon DOS of uranium has been calculated with linear response
theory and full-potential fully relativistic linear-augmented-planc-wave method.” The basis
functions in this method are especially well suit for describing such an open structures as
a-U. The motivation for carrying out such a study was to calculate the phonon DOS of U
theoretically and to compare the vibrational and electronic contributions in the thermody-
namic functions of U at P=0. This analysis is interesting because it has been shown® that
these two contributions cannot be scparated.

This paper is organized as follows, In section II the calculational parameters are provided.

The results of studying are presented in section III.

II. THE PARAMETERS OF CALCULATIONS

The details of the calculations of the phonon DOS are the following: The dynamical
matrix and the phonon energies wg, (@ labels different phonon states at a given g) for a
set of irreducible g points at the 3 x 3 x 3 reciprocal lattice grid have been calculated in

accordance to the formulaes presented in previous report.!® After that, the phonon density



of states has been found via the definition

glw) = Z 3w — Waa), (1)

qo

The integration over the Brillonin zone has been performed with the tetrahedron
method.!! Relatively small number of g-points is related with the fact that self-consistent
calculation of dynamical matrix appearcd to be very expensive. We think, however, that
this number of g-points is quite enough because the phonon dispersions are well behaved
functions of the wave vector.

The self consistent calculations for the first order electronic density have been performed
in the local density approximation (LDA) because at the moment we have some problems in
using the generalized gradient approximation (GGA) in linear response study (in that case
the exchange-correlation potential already contains second derivatives of charge density and
the differentiation of it brings some bad controlled errors in calculation).

The calculation of first order change in charge density for every wave vector g involved
the samc parameters as in the previous studies on uranium.!? The radii of the muffin-
tin spheres werc taken identical for all the atoms and the muffin-tin spheres were almost
touching. Within the muffin-tin spheres the charge density and potential were expanded in
spherical harmonics with a cutoff L,,,. equal to 6. The angular momentum cutoff L,.,,, = 8
was used for the basis functions. The hasis set has also included the semicore orbitals -
3d, 65 and 6p. The plane wave expansion of the wave functions was terminated in such a
manner that the total energy was converged better than 1 mRy per atom in all the cases.
The basis size was in the range 800-850{with a small dependence on the k-point). Electronic
density and effective potential in the interstitial were represented by Fonrier series consisting
of about 30000 plane waves. The integration over Brillouin zone {over the electronic states)

has been carried out by the improved tetrahedron method!? with sampling 9 x 9 x 9.

I1I. PHONON DOS OF o-U. TEMPERATURE DEPENDANCE OF SPECIFIC
HEAT AT ZERO PRESSURE,

The performing of this Task had been started with the calculation of the phononic density

of states at a few volumes close to experimental equilibrium volume V.



w
T
\

DOS, 1/mRy/atom
1%}

0 0.5 1 1.5
Energy, mRy

FIG. 1: Phononic density of states at V/1 = 1.0

In the Fig.l the phonon density of states at V/¥; = 1.0 is presented. Two maxinmums
in the DOS are scen at 0.8 and 1.0 miRy. Apparently, they are connected with the optical
branches of phonon spectrum and with the high energy acoustical branches. Also, it is
necessary to point out the small feature at 0.25 mRy. This feature can be connected with
softening of a whole phonon spectrum at low temperatures (charge density wave (CDW)
transition).¥ However, as it was indicated in ref. [8], a single soft mode related with CDW
transition would involve a volume in reciprocal space too small to be observed in the phonon
DOS.

DOS is very fast varving function of both the energy and the volume. That is why
the direct differentiation of it with respect to the volume (or pressure) is not well defined.
Derivatives of some integral values, which depend on the phononic DOS, are much more
informative.

In this respect, it costs to say that the vibrational contribution to the thermodynamic
functions of U depends little on the delatls of the phonon spectra. As an example, on the
Fig.2 the dependance of the specific heat Cy on the temperature caleulated with the phonon

DOS:
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FIG. 2. Specific heat Cy of a-U versus temperature at equilibrium volume. Crosses are the results

obtained with Debye niadel. Solid line - from the phonon DOS.

and with the Dcbye model:

78 P ©p
CAT) = 9k N, 4——] - dr — 5 , 3
\( ) B 1( 9%) o e — 1 T(e_ju'_])) ( )

are presented. Debye temperature @p has been caleulated from the phonon DOS and

the equality

1 9
2 Z“’qa = gf\’m"\‘:B@D, (4)
qn

where Ny = 2 is the number of atoms in the unit cell. As it can be secn, two curves are
practically coincide. Small difference exists only at very low temperatures.

Thus, to obtain the volume dependance of the vibrational contribution to the thertno-
dynamic functions of uranium, Debye temperatures have been found with using (4) at two
more volumes (V/V5 = 0.95 and 0.90). They are presented in the table | in comparison with
the Debye temperatures found from the bulk modulus via the semiempirical relation (9a)
from the ref.[13]. As it can be seen, there is a close coincidence. We think, however, that this
is by chance, because bulk modulus B have been calculated in GCA, but g(w) - in LDA. It
seemns, that the mutual cancellation of errors took place in the Debve temperaturc calcula-

tions from phonon DOS. First error is connected with the fact, that at V/V5 = 1.0 (V4 is the

5



TABLE [; Comparison of the Debay temperature obtained frorm bulk modulus and from phonon

DOS
V/vy 1.00 0.95 0.90
©p from B 176 190 217
©p from glw) 178 188 214

experimental equilibrium volume) the pressure is negative in LDA and correspondingly the
phonon spectrum is softer. Second error is that the LDA itself gives the elastic properties of
solid which are harder than they are in GGA. This second error is opposite to the first one,

Further, the Debye temperatures found from the phonon DOS were approximated by the

relation

Op(V) = Be V1), )

where @y = 178K is the Debye temperature at V/V = 1.0 and ~ = 1.6922.

The derivative of ©@p with respect to pressure can be calculated as

dOp  dOpdy, 4
dP  df dP Coy 6)

where B - bulk modulus.

Nurnerical value of dTeF? at V/Vo = 1.0 is 0.223K /kbar.

To assess the accuracy of separating the phonon and electron excitations, the specific heat,
Cp of uranium has been calculated as a function of temperature and it has been compared
with the experimental one. Debye modecl and the representation (3) have been used for the
phonon contribution to the specific heat. The specific heat Cp has been calculated from the

relation

. TVCy {dOp\*
Cp=Cv [H Be?, ( dv) ] @

For the clectronic contribution, the representation from the first report upon the

contract'? was used.
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FIG. 3. Specific heat of a-U versus temperature as calculated at zero pressure in corparison
with the experimental data. Points - only phonon contribution. Solid line - phonon and electron

contributions, Circles and asterisks - experimental data.

As it is seen from a figure 3, when we use only phonon contribution it allows us to describe
Cp well up to 100K only. The addition of the electronic excitations describes Cp np to 350K,
But at hizher tcmperatures, however, the disagreement increases. It can be proposed that
this is because anharmonicity of vibrations of a lattice. However, in the light of the work
(8], it is more probably that this is connected with a softening of a harmonic crystal, i.e.
the temperature alters the clectronic structure sufficiently to change the lattice dynamics.
If so, the theoretical description of high-temperature thermodynamics of uranium based on
the separation of the electronic and the phononic degrees of freedom, and on the electronic

structure calculated at T=0K must be replaced with more sophisticated approach.
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